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Abstract
Radionuclide concentrations of uranium (238U), thorium (232Th) and potassium (40K) maintained in 10 phosphate ore and 5 fertilizer
samples were measured using a high-purity germanium detector. The concentrations of these radionuclides in the phosphate ore
samples were relatively high for 226Ra at 871.37 ±  91.90 Bq kg−1 and relatively low for 232Th and 40K at 19.21 ±  2.42 Bq kg−1 and
176.06 ±  17.66 Bq kg−1, respectively. The concentrations of these radionuclides were low in the fertilizer samples. The radiological
hazards of the radium equivalent activity (Raeq), external (Hex) and internal (Hin) indices and annual effective dose due to the presence
of these radionuclides in the investigated samples were calculated. The released radon from the selected samples was measured
using the Alpha Guard radon monitor. Subsequently, the radon emanation coefficient and its exhalation rate were calculated.
© 2016 Taibah University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The phosphate industry is considered as an important
contributor to national economies for several countries.
Phosphate rocks are extensively used as a source
of phosphorus mainly for fertilizers, as well as for∗ Corresponding author. Tel.: +20 1069926033.
E-mail address: nmmh1976@Zu.edu.eg (N.M. Hassan).
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).phosphoric acid, gypsum used in building materials and
other specialty chemicals [1]. The mineralogical com-
position of a phosphate ore is dominated by fluorapatite
[Ca10F2(PO4)6·CaCO3], goethite and quartz, with minor
amounts of Al-phosphates, anatase, magnetite, monazite
and barite [2,3]. Heavy metals and trace elements, such
as cadmium (Cd) and nickel (Ni), are also detected
in phosphate ores [4]. Moreover, several studies have
shown that phosphate rocks maintain various amounts of
naturally occurring radioactive materials (NORM), e.g.,
uranium, thorium, their decay products and potassium. This is an open access article under the CC BY-NC-ND license
[5–7]. Therefore, mining and processing of phosphate
ores redistribute these radionuclides among the vari-
ous products, by-products and wastes of the phosphate
industry. Effluent discharges into the environment, as
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ell as the use of phosphate fertilizers in agriculture
nd by-products, such as gypsum (phosphogypsum) in
he building industry, are possible sources of radiation
xposure to the public [6,7].
The most important sources of external and internal
xposure are the gamma radiation and alpha particles
mitted from the radionuclides of the uranium (238U)
eries, thorium (232Th) series and 40K present within
hosphate rocks. External exposure occurs directly by -
ays, whereas internal exposure to -particles arises from
he inhalation of radon and its progenies. Consequently,
he -particle dose is delivered directly to the bronchial
issue, creating a potential for radiogenic lung can-
er [8–10]. Therefore, radiation released from NORMs
phosphate ores and fertilizers) theoretically has a poten-
ial to cause cancers in individuals who are exposed at
ignificant levels; thus, the monitoring of natural radioac-
ivity in human surroundings is of significant importance
rom the viewpoint of radiation protection [11].
Radon (222Rn with T1/2 ∼3.82 d) and its progenies
main source of internal exposure) are present in the envi-
onment due to the presence of radium that has decayed
o radon, i.e., an radioactive gas. From the viewpoint
f protection against indoor radon, it is important to
nderstand the generation and the possible migration
rocesses of radon and the factors that influence these
rocesses [12–14]. When radon generated from radium
ecay in the solid grains of the material, a fraction of
he radon escapes into the pore spaces among the solid
rains. The ratio of the amount of radon that enters the
ore spaces over the amount of radon generated is called
he emanation coefficient [11,15]. The emanation coeffi-
ient is expected to increase with water content because
n increase in the amount of water in the pore spaces
ncreases the probability of capturing radon atoms in
he pore spaces [9,11]. Before undergoing radioactive
ecay, some of the radon in the pore spaces migrates
rom the point of generation in the materials into the
tmosphere; that is, the radon is exhaled from the sur-
ace of the materials. The exhalation rate is defined as the
mount of activity of released radon per unit surface area
er unit time [16–19]. A common classification of mate-
ials based on the potential risk of radon exposure can
e established by evaluating the emanation coefficients
nd exhalation rates.
Recently, international awareness of NORM as a
otential source of ionized radiation has increased signif-
cantly. Egypt as a country is now paying more attention
o the radiation released from phosphate ores and fertili-
ers used in its markets and agriculture. Therefore, in the
resent work, concentrations of 238U, 232Th, and 40K in
ommonly used phosphate ores and fertilizers in Egyptrsity for Science 10 (2016) 296–306 297
were measured using a high-purity germanium detector
(HPGe). The concentration of radon released from these
materials was measured using an Alpha Guard radon
monitor. Consequently, the radon emanation coefficient
and its exhalation rate were calculated. In addition, haz-
ard indices of radium equivalent activity (Raeq), external
(Hex), internal (Hin) and annual effective dose associated
with these radionuclides were calculated and compared
with worldwide safety limits according to UNSCEAR
equations.
2.  Materials  and  methods
2.1.  Sample  preparation
Ten samples of phosphate ores were collected from
different phosphate mines in Egypt (El Sebaea, Abu Tar-
tor and Safaga). The common fertilizers used in Egypt
were collected from different factories. The selected
samples were crushed to fine powder forms and sieved
through a 1 mm mesh size to remove the larger grain
sizes and making them more homogenous. Then, the
samples were dried in a temperature controlled furnace
(oven) at 110 ◦C for 24 h to ensure that moisture was
completely removed. After moisture removal, the sam-
ples were cooled in a desiccator prior to radionuclide and
radon measurements.
2.2.  Measurement  of  radionuclide  concentrations
with  γ-ray  spectroscopy
After the samples were prepared, they were packed
in plastic containers, i.e., normal cylindrical plastic con-
tainers (6-cm diameter and 8 cm height) made from
polyethylene. The containers were sealed using an adhe-
sive to avoid any possibility of radon leakage. Each
sample was stored in a sealed container for 30 days to
achieve radioactive secular equilibrium between 238U
and its daughters. An empty container with the same
geometry was sealed and left for 30 days to measure the
background. Because radium (226Ra) and its progeny
produce 98.5% of the radiological effects of the ura-
nium series, the contributions of 238U and the precursors
of 226Ra are normally ignored. Therefore, the reference
of 238U series radionuclides is often written as 226Ra
instead of 238U [20].
Radionuclide concentrations of 226Ra, 232Th, and
40K were measured using a vertical closed-end coax-
ial HPGe detector manufactured by ORTEC (model:
GMX-70230 EG&G) with an active area of 190 cm2, a
measured efficiency of 70% and an energy resolution
of 2.3 keV at 1332.5 keV (located at the Egyptian
298 N.M. Hassan et al. / Journal of Taibah University for Science 10 (2016) 296–306
nuclide’Fig. 1. Selected typical -rays spectrum of radio
Atomic Energy Authority, EAEA). It was connected
to a personal computer-based data acquisition sys-
tem, which has a 4096 Multi-Channel-Analyzer model
CANBERRA Multi Port II. Data analysis was car-
ried out via the gamma spectroscopy software program.
The peak efficiency of the HPGe detector was deter-
mined using standard point sources of 60Co (1173.2 and
1332.5 keV), 133Ba (356.1 keV), 137Cs (661.9 keV) and
22Na (1368.6 keV) and the standard source of 226Ra,
maintained in the same container geometry as those used
for the samples. 226Ra concentration was measured from
the 351.9 keV -peaks of 214Pb and the 609.31 keV and
1120.3 keV -peaks of 214Bi. The 186 keV photon peak
of 226Ra was not used because of interference from the
peak of 235U with an energy of 185.7 keV. 232Th con-
centration was estimated from the 911.1 keV -peak of
228Ac and 583.19 and 2614.53 keV of 208Tl. 40K con-
centration was estimated using the 1460 keV -peak
from 40K itself, as shown in Fig. 1. The specific activ-
ity concentrations (Bq kg−1) of these radionuclides were
calculated from Eq. (1) [20]:
C
A  =
pwtε
(1)
where C  is the net count above the background, p  is the
absolute emission probability of the -ray decay, w  is thes maintained in different phosphate ore samples.
net dry sample weight (kg), t  is the measurement time,
and ε  is the absolute efficiency of the detector.
2.3.  Measurement  of the  radon  emanation
coefﬁcient and  radon  exhalation  rate
Radon emanation coefficient and its exhalation rate
from selected samples were measured using the Alpha
Guard radon monitor and the Alpha Guard chamber
(Genitorn Instruments, Frankfurt, Germany). The Alpha
Guard monitor was factory calibrated in Genitron and
was also calibrated at Egyptian National Institute for
Standard. The Alpha Guard chamber is a corrosion-
resisting stainless steel container with a removable
gas-tight lid with dimensions of 45.0-cm diameter and
31.7-cm height (50.4 L). Each prepared sample and the
Alpha Guard monitor were placed together at the same
time in the Alpha Guard chamber as shown Fig. 2. The
released radon concentration from the sample inside the
sealed accumulation chamber was allowed to build up
with time as shown in Fig. 3. Its value was measured for
an average time of 3 days on an hourly basis using the dif-
fusion mode of the Alpha Guard monitor to avoid thoron
gas concentration effects. For the Alpha Guard (diffu-
sion mode), the sensitivity for thoron was approximately
10% of the radon sensitivity [21]. The measurements
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Fig. 2. Schematic diagram of Alpha Guard radon monitor.
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values of radionuclide concentrations as reported in theig. 3. Radon built up and equilibrium concentration carves of phos-
hate ore sample (PhR-6).
f radon were performed at a temperature range from
7.16 ±  0.69 ◦C to 26.03 ±  0.98 ◦C, and the humidity
anged from 9.23 ±  0.72 to 38.31 ±  1.10, as shown in
ables 7 and 8.
Radon concentration C(t) at a time t  during the growth
f radon inside the chamber was measured using the
lpha Guard monitor, as observed in Fig. 3. The equi-
ibrium radon concentration Ceq for each sample (the
xpected radon concentration (saturated constant) in the
ealed space after 3 weeks from the sealed date) was
alculated from the following equation:
t =  Ceq(1 −  e−λt) (2)rsity for Science 10 (2016) 296–306 299
where Ct (Bq m−3) is the concentration of radon mea-
sured at time t subtracted from the radon background
concentration at time equal to zero, t is the accumulation
time (s), and Ceq is the equilibrium radon concentra-
tion (Bq m−3). The radon emanation coefficient can be
defined as [9,15]:
f  = CeqV
ARaM
(3)
where f is the radon emanation coefficient, ARa the
radium concentration (Bq kg−1), V  the empty gas volume
(the accumulation chamber volume minus the sample
and the Alpha Guard radon monitor volumes, m3), and
M is the sample weight (kg). The radon exhalation rate
of any sample, E, is defined as the flux of radon released
from the material’s surface and can be calculated from
Eq. (4) [18,19]:
E  = CeqVλ
S
(4)
where λ  is the decay constant of radon (2.1 ×  10−6 s−1),
V is the volume of the radon chamber (50.4 L) and S  is
the total surface area of the sample surface.
3.  Results  and  discussions
The specific activities of 226Ra, 232Th, and 40K in
different types of phosphate ores were measured using
a high purity germanium detector (HPGe). Radionu-
clide concentrations of 226Ra, 232Th, and 40K in the
different samples are presented in Table 1. Commit-
tee on the Effects of Atomic Radiation, UNSCEAR [1]
reported a typical 226Ra concentration in phosphate ores
of 1500 Bq kg−1. The samples used in the present study
showed a radium concentration in the same range as
UNSCEAR’s typical value. Furthermore, radionuclide
concentrations of 226Ra, 232Th, and 40K maintained in
phosphate ores of several countries found in the litera-
ture agreed with the values from the present study, as
given in Table 2.
Moreover, radionuclide concentrations of 226Ra,
232Th, and 40K maintained in the fertilizer product sam-
ples are given in Table 3. As can be observed, the
radionuclide concentrations in the phosphate fertilizers
were lower than their values in the phosphate ores due
to the decrease of phosphorous in the fertilizer products.
Almost all of the investigated phosphate fertilizer sam-
ples had specific activities in the range of the worldwideliterature for phosphate fertilizers, as observed in Table 4.
It is difficult to directly compare concentrations of dif-
ferent radionuclides in the selected samples so indexes
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Table 1
The specific activities of 226Ra, 232Th and 40K in phosphate ores used in Egypt.
Samples name Sample code Location Specific activity (Bq kg−1)
226Ra 232Th 40K
Ore 1 PhS1 El Sebaea 302.58 ± 36.29 27.63 ± 2.98 243.95 ± 27.12
Ore 2 PhS2 El Sebaea 932.21 ± 97.70 28.85 ± 4.02 ND
Ore 3 PhS3 El Sebaea 1035.55 ± 103.84 ND 196.58 ± 21.63
Ore 4 PhS4 El Sebaea 807.50 ± 82.89 18.28 ± 1.83 150.48 ± 16.35
Ore 5 PhS5 El Sebaea 737.96 ± 83.20 15.17 ± 2.09 288.03 ± 14.55
Ore 6 PhS6 El Sebaea 1608.86 ± 163.60 10.46 ± 1.02 41.04 ± 4.13
Ore 7 PhS7 El Sebaea 680.44 ± 75.96 19.76 ± 2.08 152.00 ± 16.52
Ore 8 PhT1 Abu Tartor 339.01 ± 30.77 39.79 ± 6.84 240.91 ± 26.77
Ore 9 PhT2 Abu Tartor 1415.84 ± 150.94 14.40 ± 1.50 235.59 ± 26.15
Ore 10 PhSa Safaga 853.79 ± 93.84 17.80 ± 1.88 212.03 ± 23.42
ND, none detected value.
Table 2
The specific activities of 226Ra, 232Th and 40K in phosphate ores used in several countries all over the world as in literature.
Country Activity concentration (Bq kg−1) Reference
Phosphate ore 226Ra 232Th 40K
Saudi Arabia 513 39 242 Al-Zahrani et al. [22]
Egypt 840 395 398 El-Taher and Makhluf [23]
South Korea — 4.0 49 Chang et al. [24]
Brazil 256 3238 1202 Conceic¸ão and Bonotto [25]
Nigeria/sokoto — 16 40 Ogunleye et al. [26]
Tanzania (Arusha) — 350 280 Banzi et al. [27]
Sudan (Uro) 4131 7.5 62.3 Sam et al. [28]
Jordan 1044 2 8 Olszewska-Wasiolek [5]
Tunsisia 821 29 32 Olszewska-Wasiolek [5]
Tanzania (Arusha) 5022 717 286 Makweba and Holm [29]
Morocco 1600 20 10 Guimond [30]
Egypt 871 ± 92 19 ± 2 176 ± 18 Present study
Table 3
The specific activities of 226Ra, 232Th and 40K in phosphate fertilizers used in Egypt.
Samples name Sample code Content Specific activity (Bq kg−1)
226Ra 232Th 40K
Fertilizer 1 PhF1 SSP {P2o5 (15%)} 761.35 ± 87.82 67.2 ± 6.76 250.79 ± 29.20
Fertilizer 2 PhF2 SSP {P2o5 (12%)} 557.12 ± 66.65 15.05 ± 1.56 174.80 ± 19.89
Fertilizer 3 PhF3 SSP {P2o5 (16%)} 782.43 ± 90.18 13.48 ± 1.75 221.9 ± 25.63
Fertilizer 4 PhF4 NPK fertilizer 442.52 ± 52.60 ND 87.61 ± 21.23
Fertilizer 5 PhF5 Triple fertilizer 312.16 ± 39.62 ND 174.79 ± 47.85
ND, none detected value.
have been introduced by UNSCEAR (UNSCEAR
[1,40]). Radium equivalent concentration (Raeq) is a
common index to compare specific activities in mate-
rials:Raeq =  ARa +  1.43ATh +  0.077AK (5)
where ARa, ATh and AK are specific activities of
226Ra, 232Th, and 40K, respectively, in Bq kg−1. Radiumequivalent concentration was calculated based on the
estimation that 370 Bq kg−1 of 226Ra, 259 Bq kg−1 of
232Th and 4810 Bq kg−1 of 40K produced the equiva-
lent -ray dose. The value of Raeq in phosphate ores
−1and fertilizers must be less than 370 Bq kg to keep the
-ray dose below 1.5 mSv y−1. Radium equivalent con-
centrations in the phosphate ores are shown in Table 5,
while the values for the phosphate fertilizers are shown
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Table 4
The specific activities of 226Ra, 232Th and 40K in phosphate fertilizers used in several countries all over the world as in literature.
Country Activity concentration (Bq kg−1) Reference
Fertilizer 226Ra 232Th 40K
Saudi Arabia 64 17 2453 Alharbi [31]
India 120 65 2624 Pooja Chauhan et al. [32]
Nigeria 143 9 2729 Jibiri1 and Fasae [33]
Brazil 879 521 — Saueia and Mazzilli [6]
Italy 120 3.5 4000 Righi et al. [34]
Pakistan 526 50 221 Khan et al. [35]
Jordan 1044 2 8 Olszewska-Wasiolek [5]
Algeria 619 64 22 Olszewska-Wasiolek [5]
Tunsisia 821 29 32 Olszewska-Wasiolek [5]
Israel 1852 11 4 Olszewska-Wasiolek [5]
Egypt 301 24 3 Hussien [36]
Morocoo 1600 20 10 Guimond [37]
USA 780 49 200 Guimond and Hardin [30]
Finland 54 11 3200 Mustonen [38]
Germany 520 15 720 Pfister et al. [39]
Egypt 571 ± 67 19 ± 2 182 ± 29 Present study
Table 5
The radium equivalent, hazardous indexes and annual effective dose of phosphate ores used in Egypt.
Sample code Radium
equivalent,
Raeq
(Bq kg−1)
External
hazard index
(Hex)
Internal hazard
index (Hin)
Gamma
index
Absorbed dose
(nGy h−1)
Annual
effective dose
(Sv y−1)
PhS1 360.87 ± 42.64 0.97 ± 0.09 1.79 ± 0.21 1.23 ± 0.10 157.98 ± 18.63 194.32 ± 22.92
PhS2 937.47 ± 103.45 2.63 ± 0.28 5.15 ± 0.54 3.25 ± 0.09 417.16 ± 44.38 513.10 ± 54.59
PhS3 1050.69 ± 105.50 2.84 ± 0.28 5.64 ± 0.57 3.52 ± 0.13 450.63 ± 45.27 554.28 ± 55.68
PhS4 845.25 ± 86.76 2.28 ± 0.22 4.47 ± 0.46 2.83 ± 0.14 363.39 ± 37.31 446.96 ± 45.89
PhS5 781.87 ± 87.31 2.11 ± 0.22 4.11 ± 0.46 2.63 ± 0.14 337.56 ± 37.54 415.19 ± 46.17
PhS6 1627.03 ± 165.39 4.40 ± 0.44 8.75 ± 0.89 5.43 ± 0.15 695.70 ± 70.72 855.71 ± 86.98
PhS7 720.40 ± 80.21 1.95 ± 0.20 3.79 ± 0.42 2.42 ± 0.11 310.17 ± 34.52 381.50 ± 42.46
PhT1 414.46 ± 42.61 1.12 ± 0.08 2.04 ± 0.20 1.41 ± 0.10 181.46 ± 18.82 223.19 ± 23.15
PhT2 1454.58 ± 155.10 3.93 ± 0.41 7.76 ± 0.83 4.87 ± 0.10 624.23 ± 66.57 767.80 ± 81.88
PhSa 895.57 ± 98.33 2.42 ± 0.25 4.73 ± 0.52 3.01 ± 0.13 385.47 ± 42.32 474.13 ± 52.05
Table 6
The radium equivalent, hazardous indexes and annual effective dose of fertilizers used in Egypt.
Sample code Radium
equivalent,
Raeq
(Bq kg−1)
External
hazard index
(Hex)
Internal hazard
index (Hin)
Gamma
index
Absorbed dose
(nGy h)
Annual
effective dose
(Sv y−1)
PhF1 876.77 ± 99.73 2.37 ± 0.24 4.43 ± 0.51 2.96 ± 0.20 380.37 ± 43.23 467.86 ± 53.17
PhF2 592.10 ± 70.41 1.60 ± 0.18 3.11 ± 0.37 1.99 ± 0.10 255.37 ± 30.35 314.10 ± 37.33
PhF3 818.79 ± 94.66 2.21 ± 0.24 4.33 ± 0.49 2.75 ± 0.13 352.56 ± 40.77 433.65 ± 50.14
PhF4 449.27 ± 54.23 1.21 ± 0.14 2.41 ± 0.29 1.50 ± 0.04 192.72 ± 23.37 237.05 ± 28.75
PhF5 325.62 ± 43.30 0.88 ± 0.11 1.72 ± 0.22 1.10 ± 0.06 140.81 ± 18.97 173.19 ± 23.34
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in Table 6. All of the investigated samples showed higher
values than the recommended worldwide mean value
(370 Bq kg−1) except for the PhS1 and PhF5 samples.
According to our results, phosphate ores and fertilizers
should be used under radiation protection.
The external hazard index (Hex) was determined from
the criterion formula as follows [7,21]:
Hex =  ARa/370 +  ATh/259 +  AK/4810 (6)
where ARa, ATh and AK are the specific activities of
226Ra, 232Th, and 40K, respectively, in Bq kg−1. To limit
the external gamma radiation dose to 1.5 mSv y−1 and to
neglect radiation hazards, the external hazard index must
be less than unity. The calculated external hazard indexes
for the phosphate ores and fertilizers had averages of
2.47 ±  0.25 for the phosphate ore samples (Table 5) and
1.65 ±  0.18 for the fertilizer samples (Table 6), which
were higher than the recommended values. In addition to
the external hazard, radon and its short-lived products are
also hazardous to respiratory organs. The internal expo-
sure to radon and its progeny produced can be quantified
by an internal hazard index (Hin) defined as [7,21]:
Hin =  ARa/185 +  ATh/259 +  AK/4810 (7)
For the safe use of a material, Hin should be less than
unity. The internal hazard indexes for phosphate ores
and fertilizers used in Egypt were found to be higher
than the safety limit, except for PhS1 and PhF5, with
average values of 2.46 ±  0.51 for the phosphate ore sam-
ples and 3.20 ±  0.38 for the phosphate fertilizer samples
(Tables 5 and 6), which implied that the use of phosphate
fertilizers should be under radiation protection.
The use of phosphate fertilizers in agriculture and
gypsum in building materials are further sources of
possible exposure to the public. Elevated radionuclide
exposure to the public can further be expected in sites
being developed for housing (UNSCEAR [1]). Thus, it
is important to calculate the annual effective dose, due
to the presence of such high levels of radionuclide con-
centrations in the phosphate ore and fertilizer samples
delivered to the worker located in that field. Absorbed
dose (D), due to -rays emitted from radionuclides main-
tained in those samples, at 1 m of air can be calculated
from the following equation [7]:
D  (nGy h−1) =  0.462ARa +  0.621ATh +  0.042AK (8)
where, ARa, ATh and AK are the specific activ-
ities of 226Ra, 232Th and 40K, respectively. The
absorbed dose was calculated for the selected sam-
ples, as shown in Tables 5 and 6. The value was
found to vary from 157.98 ±  18.63 nGy h−1 (PhS1) to
695.70 ±  70.72 nGy h−1 (PhS6) with an average valuersity for Science 10 (2016) 296–306
of 392.37 ±  41.62 nGy h−1 for the phosphate ores. The
values varied from 140.81 ±  18.97 nGy h−1 (PhF5) to
380.37 ± 43.23 nGy h−1 (PhF1) with an average value
of 264.37 ±  31.34 nGy h−1 for the phosphate fertilizers.
UNSCEAR [40] reported that the worldwide average
limit value was 59 nGy h−1. Thus, all of the studied
samples had absorbed doses greater than the worldwide
average value, which confirmed that the use of these
materials should be under radiation protection.
The annual effective dose (E) due to -rays emitted
from radionuclides of 226Ra, 232Th and 40K maintained
in the selected samples was calculated from Eq. (9) [7]:
E  =  D  (nGy h−1) × 8760 (hy−1) ×  O  ×  C  (mSv/nGy)
(9)
where O  is the occupancy factor and C is the absorbed to
effective dose conversion factor (0.7 ×  10−6 Sv per Gy).
The annual effective doses due to -rays emitted from
radionuclides of 226Ra, 232Th and 40K maintained in the
selected samples varied from 194.32 ±  22.92 Sv y−1
(PhS1) to 855.71 ± 86.98 Sv y−1 (PhS6) with
an average value of 482.62 ±  51.18 Sv y−1
for the phosphate ore samples, and the values
ranged from 173.19 ± 23.34 Sv y−1 (PhF5) to
467.86 ± 53.17 Sv y−1 (PhF1) with an average value
of 325.17 ±  38.55 Sv y−1 for the fertilizer samples,
as shown in Tables 5 and 6. The results showed that
the average annual effective dose of the phosphate ore
samples was in the range of the worldwide average limit
value of 480 Sv y−1 (UNSCEAR [1]), except for three
samples (PhS3, PhS6 and PhT2). Due to the decrease of
phosphorous concentration, the values for all phosphate
fertilizer samples were less than the worldwide value.
The -ray radiation hazards associated with the nat-
ural radionuclides maintained in the selected materials
can be assessed by means of the radioactivity level index,
Iγ . According to the European Commission guidelines,
for safe use of phosphate ores, the radioactivity level
index should be less than 6 (Iγ < 6) for a radiation dose
of 1 mSv y−1 [41]. The radioactivity level index (Iγ ) can
be calculated from the following equation (European
Commission, EC):
Iγ =  (ARa/300) +  (ATh/200) +  (AK/3000) (10)
All of the selected samples have radioactivity level
indexes (Iγ ) less than six, as shown in Tables 5 and 6.Workers in phosphate mines and fertilizer factories
are being exposed to radiation from two sources: One
is due to external -ray radiation (as discussed previ-
ously) and the other is due to the inhalation of long-lived
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Table 7
Radon equilibrium concentration, exhalation rate, emanation coefficient, alpha index, temperature and humidity of phosphate ores used in Egypt.
Sample code number Radon equil.
conc.
(Bq m−3)
Radon exhalation rate
(Bq kg−1 s−1 × 10−4)
Radon
emanation
coefficient (%)
Alpha
index
Temperature
(◦C)
Humidity (%)
PhS1 1502.22 ± 77.48 30.44 ± 1.57 2.17 ± 1.43 1.51 ± 0.09 25.81 ± 0.46 30.07 ± 0.35
PhS2 1732.54 ± 66.27 35.11 ± 1.34 8.29 ± 0. 32 4.66 ± 0.10 26.03 ± 0.98 30.26 ± 0.47
PhS3 2225.03 ± 96.80 45.70 ± 1.96 11.67 ± 0.50 5.18 ± 0.18 25.41 ± 0.81 21.26 ± 0.58
PhS4 927.95 ± 44.19 18.80 ± 0.89 7.10 ± 0. 34 4.04 ± 0.12 23.81 ± 1.20 22.61 ± 0.37
PhS5 1876.92 ± 122.37 33.29 ± 2.17 10.48 ± 0.68 3.69 ± 0.13 17.16 ± 0.69 38.31 ± 1.10
PhS6 3645.84 ± 84.10 64.65 ± 1.49 10.12 ± 0. 23 8.04 ± 0.18 20.74 ± 0.46 25.88 ± 2.12
PhS7 760.45 ± 46.87 15.41 ± 0.95 5.61 ± 0.35 3.40 ± 0.11 20.08 ± 0.87 9.28 ± 1.35
PhT1 655.42 ± 58.70 13.28 ± 1.19 8.63 ± 0.77 1.70 ± 0.09 19.68 ± 1.00 10.90 ± 1.67
PhT2 3843.30 ± 59.58 77.88 ± 1.21 11.19 ± 0.17 7.08 ± 0.13 19.72 ± 0.48 22.80 ± 0.58
PhSa 758.99 ± 13.64 13.50 ± 0.36 5.95 ± 0.11 4.27 ± 0.12 19.82 ± 0.61 10.76 ± 0.93
Table 8
Radon equilibrium concentration, exhalation rate, emanation coefficient, alpha index, temperature and humidity of phosphate fertilizers used in
Egypt.
Sample code number Radon equil.
conc.
(Bq m−3)
Radon
exhalation rate
(Bq kg−1
s−1 × 10−4)
Radon
emanation
coefficient
(%)
Alpha
index
Temperature
(◦C)
Humidity
(%)
PhF1 373.88 ± 19.14 7.58 ± 0.39 2.32 ± 0.12 3.81 ± 0.16 21.28 ± 0.76 29.7 ± 1.5
PhF2 1150.34 ± 63.09 20.40 ± 1.12 11.44 ± 0.63 2.79 ± 0.09 21.64 ± 0.60 31.3 ± 1.2
PhF3 733.04 ± 56.91 14.85 ± 1.15 5.02 ± 0.39 3.91 ± 0.12 20.87 ± 0.57 28.19 ± 0.93
P 3.34 ± 1.06 2.21 ± 0.06 26.07 ± 0.87 23.00 ± 0.71
P 2.55 ± 0.31 1.56 ± 0.07 24.85 ± 0.81 9.23 ± 0.72
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-emitters from radioactive radon gas and its daughters
ssociated with dust particles (UNSCEAR [1]). There-
ore, it is very important to determine the released radon
ontent from the selected materials, as well as its emana-
ion coefficient and exhalation rate. Radon concentration
eleased from each sample within the accumulation
hamber was calculated using Eq. (2) after radioac-
ive equilibrium had been achieved between radon and
adium (226Ra). Radon concentration released from the
tudied samples varied from 655.42 ±  58.70 Bq m−3
PhT1) to 3843.30 ±  59.58 Bq m−3 (PhT2) with an
verage value of 1792.87 ±  67.00 Bq m−3 for the phos-
hate ores and from 123.99 ±  14.94 Bq m−3 (PhF5) to
150.34 ±  63.09 Bq m−3 (PhF2) with an average value
f 534.89 ±  31.99 Bq m−3 for the phosphate fertilizer
amples (Tables 7 and 8).
After radon atoms generated from radium atoms
ecay, a fraction of them will escape to the pore spaces
mong the grains of the material (the ratio between the
scaped radon atoms in the pore spaces to the generated
adon atoms is called the radon emanation coefficient);
ubsequently, they can escape to the atmosphere before
heir natural decay. The number of escaped radon
toms per unit area per unit time is called the radonRadium concentration (Bq kg-1)
Fig. 4. Correlation between the radon exhalation rate and the radium
concentration.
exhalation rate. Radon emanation coefficient and its
exhalation rate were calculated from the equilibrium
radon concentration measured with the Alpha Guard
radon monitor. Radon emanation coefficient for the
selected samples was calculated using Eq. (3). The
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 and 40KFig. 5. Maximum and minimum activity concentrations of 238U, 232Th
values ranged from (2.17 ±  1.43)% for (PhS1) to
(11.67 ±  0.50)% for (PhS3) with an average value
of (8.12 ±  0.49)% for the phosphate ore samples and
from (2.32 ±  0.12)% for (PhF1) to (11.44 ±  0.63)%
for (PhF2) with an average value of (4.93 ±  0.50)%
for the phosphate fertilizer samples (Tables 7 and 8).
The radon exhalation rate for the studied samples
was also calculated using Eq. (4). The values ranged
from (13.28 ±  1.19) ×  10−4 Bq m−2 s−1 (PhT1) to
(77.88 ±  1.21) ×  10−4 Bq m−2 s−1 (PhT2) with an
average value of (34.81 ±  1.31) ×  10−4 Bq m−2 s−1
for the phosphate ore samples and from
(2.20 ±  0.26) ×  10−4 Bq m−2 s−1 (PhF5) to
(25.94 ±  0.10) ×  10−4 Bq m−2 s−1 (PhF4) with an
average value of (14.19 ±  0.60) ×  10−4 Bq m−2 s−1 for
the phosphate fertilizer samples, as shown in Fig. 5 and
(Tables 7 and 8).
The variations of the radon equilibrium concentra-
tion, emanation coefficient and exhalation rate could
be caused by several factors, such as differences in the
radium concentration in the samples (Tables 1 and 3),
radium distribution within the mineral grains of the of different phosphate ore and common phosphate fertilizer samples.
samples, the texture and size of the grains, and the per-
meability of the grains [42]. One of the most important
factors affecting the radon indexes is the distribution of
radium activity within the grains. Particularly, if con-
centrated within the thin surface layers of the grains,
the radon generated will increase, and the number of
radon atoms escaping into the pore spaces could also
increase, thereby increasing the radon indexes. On the
other hand, the internal structure of the materials (e.g.,
macroscopic properties, crystallization of the grain sur-
faces, and the texture and size of the grains) could also
affect the indexes. For example, the radon emanation
coefficient could be higher if the particles are crumbly
(grain) rather than solid, even if the particles have the
same radium concentration; thus, the radon exhalation
rate will increase as well [17,43].
The correlation between the radium concentration
and radon exhalation rate of the selected samples was
decent with a linear correlation coefficient of (y  = 0.037x
and R2 = 0.66), as observed in Fig. 4. This correlation
may reflect the strong dependence of radon gas in the
atmosphere around the phosphate mines on the radium
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Prot. Dosim. 58 (1995) 269–276.ig. 6. Correlation between the radon exhalation rate and the amount
f emanated radon (radium concentration × emanation coefficient).
ontent of those phosphate samples; thus, it is simple
o estimate the radon exhalation rate from the radium
ontent, which is a widely measured parameter. More-
ver, the correlation between the radon exhalation
ate and the “emanated radon concentration” (radium
oncentration ×  emanation coefficient) was considered;
ere, the correlation was much better with a linear corre-
ation coefficient of (y  = 0.42x  and R2 = 0.96), as shown
n Fig. 6. Therefore, although the radium concentration
s a good index for the exhalation rate, the product of the
adium concentration and the emanation coefficient may
e the best index for the exhalation rate [9].
Alpha radiation due to radon inhalation released from
he phosphate ores and fertilizers was calculated from
q. (11), [41] termed the alpha index (Iα). The alpha
ndex should be less than unity to reflect a value of radium
oncentration less than 200 Bq kg−1 (the upper recom-
ended value), and consequently, the released radon
oncentration will be more than 200 Bq m−3. This con-
ideration agrees with the measured values of the radium
nd radon concentrations.
α =  ARa/200 (11)
he alpha indexes for all studied samples were calcu-
ated, as shown in Tables 7 and 8. The values for all
amples of phosphate ores and fertilizers were more than
nity, which implied that all samples had a radium con-
−1entration of greater than 200 Bq kg . These calculated
esults agreed with the measured values of radium and
adon.rsity for Science 10 (2016) 296–306 305
4.  Conclusion
Natural radionuclide concentrations of 226Ra, 232Th,
and 40K in different types of phosphate ores and fer-
tilizers used in Egypt were measured using a high
purity germanium detector. All of the selected materi-
als showed radionuclide concentrations in the range of
the worldwide average values reported in UNSCEAR
2008. Based on the radionuclide results, the radiolog-
ical hazards of the radium equivalent activities (Raeq),
external and internal indexes and absorbed dose were
calculated and showed values greater than the world-
wide safety limit, which implied that the use of these
materials should be under radiation protection. Never-
theless, the annual effective dose was also calculated
and the values for almost all of the samples were in the
range of the worldwide average value (480 Sv y−1),
except for three phosphate ore samples. Furthermore,
the radon concentration released from the selected
materials was measured using an Alpha Guard radon
monitor. The radon emanation coefficient and its exha-
lation rate were calculated and had average values of
(8.12 ±  0.49)% and (34.81 ±  1.31) ×  10−4 Bq m−2 s−1
for the phosphate ore samples and (4.93 ±  0.50)% and
(14.19 ± 0.60) ×  10−4 Bq m−2 s−1 for the fertilizer sam-
ples. The correlations between the radon exhalation rate
and the radium content and between the radon exhalation
rate and the “emanated radon concentration” (radium
concentration ×  emanation coefficient) were found to be
0.66 and 0.96, respectively. Therefore, emanated radon
could be a useful index for the radium concentration
rather than the radon exhalation rate.
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